Somatosensory neurons detect environmental stimuli, converting external cues into neural activity that is relayed first to second-order neurons in the spinal cord. The detection of cold is proposed to be mediated by the ion channels TRPM8 and TRPA1. However, there is significant debate regarding the role of each channel in cold-evoked pain, complicating their potential as drug targets for conditions such as cold allodynia and hyperalgesia. To address this debate, we generated mice lacking functional copies of both channels and examined behaviors and neural activity in response to painful cold and noxious cooling compounds. Whereas normal mice display a robust preference for warmth over cold, both TRPM8-null (TRPM8 À/À ) and TRPM8/TRPA1 double-knockout mice (DKO) display no preference until temperatures reach the extreme noxious range. Additionally, in contrast to wildtype mice that avoid touching cold surfaces, mice lacking TRPM8 channels display no such avoidance and explore noxious cold surfaces, even at 5°C. Furthermore, nocifensive behaviors to the cold-mimetic icilin are absent in TRPM8 À/À and DKO mice, but are retained in TRPA1-nulls (TRPA1
t r a c t
Somatosensory neurons detect environmental stimuli, converting external cues into neural activity that is relayed first to second-order neurons in the spinal cord. The detection of cold is proposed to be mediated by the ion channels TRPM8 and TRPA1. However, there is significant debate regarding the role of each channel in cold-evoked pain, complicating their potential as drug targets for conditions such as cold allodynia and hyperalgesia. To address this debate, we generated mice lacking functional copies of both channels and examined behaviors and neural activity in response to painful cold and noxious cooling compounds. Whereas normal mice display a robust preference for warmth over cold, both TRPM8-null (TRPM8
À/À
) and TRPM8/TRPA1 double-knockout mice (DKO) display no preference until temperatures reach the extreme noxious range. Additionally, in contrast to wildtype mice that avoid touching cold surfaces, mice lacking TRPM8 channels display no such avoidance and explore noxious cold surfaces, even at 5°C. Furthermore, nocifensive behaviors to the cold-mimetic icilin are absent in TRPM8 À/À and DKO mice, but are retained in TRPA1-nulls (TRPA1
). Finally, neural activity, measured by expression of the immediate-early gene c-fos, evoked by hindpaw stimulation with noxious cold, menthol, or icilin is reduced in TRPM8 À/À and DKO mice, but not in TRPA1 À/À animals. Thus our results show that noxious cold signaling is exclusive to TRPM8, mediating neural and behavioral responses to cold and cold-mimetics, and that TRPA1 is not required for acute cold pain in mammals. Ó 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
Introduction
Changes in environmental temperature are detected by specialized somatosensory neurons whose somata reside in the dorsal root (DRG) or trigeminal (TG) ganglia and project afferent nerve fibers to peripheral tissues such as the skin [6] . When temperatures reach values that are considered noxious, 43°C for heat and 15°C for cold, nociceptors are activated and painful or aversive signals are transmitted to the central nervous system [6] . Cold-evoked pain is less robust than that produced by heat, but is a common complaint of patients suffering from complex regional pain syndrome (CRPS), diabetic neuropathy, peripheral or central nerve injury, and small-fiber neuropathies [11, 46, 47, 49] . Whether the origin of such cold hypersensitivity is at the level of the peripheral nerve, or due to changes in higher processing of peripheral cold stimuli is not clear [49] .
The ability of primary afferent neurons to respond to environmental temperatures is conferred by temperature-sensitive members of the transient receptor potential (TRP) family of ion channels. Two particular TRP channels, TRPM8 and TRPA1, have been linked to cold sensation [26] . TRPM8 was first identified through its sensitivity to cold and the cold-mimetics menthol and icilin in vitro [37, 42] , and recent analyses of TRPM8-deficient (TRPM8 À/À ) mice suggest that it is the principle cold sensor in vivo [9, 15, 18] . While TRPM8 plays a significant role in injuryevoked hypersensitivity to cold following sciatic nerve injury or tissue inflammation [15] , there is debate as to whether the channel mediates cold pain. Recombinant TRPA1 also responds to cold temperatures (<17°C) [48] . However, these findings have been difficult to reproduce in neurons, with the literature containing a relatively equal number of reports for or against TRPA1 conferring cold sensitivity in vitro [12, 35] . Furthermore, analyses of TRPA1-null (TRPA1 À/À ) mice have yielded conflicting data, with one group reporting no deficits in acute cold sensing, a second observing reduced cold sensitivity in female but not male mice, and a third showing cold deficits after prolonged exposure to cold [7, 30, 29] .
